) gateways (e.g., Rad23, Rpn10, and other Ub binding (Verma et al., 2002) . We presumed that, concomitant proteins)? If the latter, do the gateways function in paralwith its deubiquitination by Rpn11, MbpSic1 was translel or in series? Are all ubiquitinated substrates prolocated into the lumen of the 20S core but was not cessed in the same manner, or is there an additional degraded due to the presence of epoxomicin. This hylayer of substrate specificity downstream of the ubiquipothesis is supported by the observation that MbpSic1 tin ligases? In this work, we employ a combination of formed upon incubation with proteasomes in vitro-but in vitro reconstitution and in vivo turnover assays to not naive MbpSic-was specifically coprecipitated with address these questions.
20S subunits (see Supplemental Figure S1 at Cell web site). As was observed in the degradation assay, rpn10⌬ proteasomes were completely deficient in deubiquitinaResults and Discussion tion of MbpSic1 ( Figure 1D , lanes 3 and 4), whereas rad23⌬ proteasomes were largely but not completely Intact 26S Proteasomes Can Be Isolated defective ( Figure 1F ). Because it is easier to visualize from rpn10⌬ and rad23⌬ Mutants the accumulation of deubiquitinated Sic1 as opposed To address the molecular basis for substrate recruitto the disappearance of ubiquitinated Sic1 to evaluate ment by the 26S proteasome, we employed a system proteasome function, we sometimes used the DUB that recapitulates the selective ubiquitination and degraassay in lieu of the degradation assay in subsequent exdation of budding yeast S-Cdk inhibitor Sic1 using puriperiments. fied components (Verma et al., 2001 ). The chromosomal locus that encodes PRE1, a subunit of the 20S core, Restoration of Activity by Recombinant was tagged with the Flag epitope in wild-type, rpn10⌬, Rpn10 and Rad23 and rad23⌬ mutant cells. 26S proteasomes were purified Although rpn10⌬ and rad23⌬ proteasomes appeared by single-step affinity chromatography on anti-Flag to be fairly normal by multiple physical and functional beads as described (Verma et al., 2000) (also see Expericriteria (Figure 1 ), it remained possible that they were mental Procedures). The data in Figure 1A demonstrate indirectly and/or irreversibly compromised by the abthat subunit composition, as visualized by SDS-PAGE, sence of either of these proteins. To address this possiwas essentially the same for 26S proteasomes purified bility, we performed add-back experiments using refrom wild-type and mutant cells. This result was corrobcombinant Gst-Rpn10 and Gst-Rad23 purified from orated by MudPIT mass spec analysis (Link et al., 1999) E. coli (Supplemental Figure S2A) . Strikingly, deubiquiti-(see Supplemental Table S2 at 5) were set up and analyzed by SDS-PAGE followed by immunoblotting with anti-Sic1 polyclonal antibody as described in Experimental Procedures. For assessing deubiquitination (lanes 3 and 4), the 26S proteasome preparations were preincubated with 100 M epoxomicin for 45 min at 30ЊC before incubation with UbMbpSic1. 26S proteasomes isolated from rad23⌬ mutants were partially defective in (E) degradation and (F) deubiquitination of UbMbpSic1. Analysis was performed as described for rpn10⌬ proteasomes in (D). low levels (30-60 nM) were sufficient to rescue rpn10⌬ (Gst-VWARpn10 or UIM Ϫ ) destroyed Rpn10 activity, underscoring the requirement for the UIM domain of Rpn10 proteasomes but had little effect on wild-type proteasomes. However, at a concentration (120 nM) just ‫-5.1ف‬
for UbMbpSic1 degradation. To our knowledge, this is the first functional assay in which a direct requirement to 2-fold in molar excess over wild-type proteasomes, inhibition was observed, and at ‫-3ف‬ to 4-fold molar exfor the UIM has been demonstrated. We next investigated the ability of recombinant Rad23 cess (300 nM), inhibition was complete. Essentially the same effect was seen if Gst-Rpn10 was cleaved with to complement the partial defect in DUB activity observed with rad23⌬ 26S proteasomes. The results in thrombin to remove Gst (data not shown).
The ability of Gst-Rpn10 to rescue rpn10⌬ protea- Figure 2C demonstrate that bacterially expressed GstRad23 was functional and rescued the DUB defect. As somes allowed us to map the domains of Rpn10 required for complementation. Mutational analysis of RPN10 in observed for Rpn10, optimal rescue by Gst-Rad23 was highly concentration dependent. Efficient restoration of prior studies has demonstrated that the N-terminal domain of Rpn10 (also called the von Willebrand A or VWA domain) activity was observed at 40 nM, but high concentrations of Gst-Rad23 actually inhibited the basal activity of (Whittaker and Hynes, 2002) is required for conferring resistance to amino acid analogs and Ub-Pro-␤-gal degrarad23⌬ proteasomes. A recent study using wild-type 26S proteasomes supplemented with a 3-fold molar exdation (Fu et al., 1998 Figure 2D , either point mutation (first five amino acids of the recognition motif least when the substrate is UbSic1-but that for both proteins it is essential to use mutant proteasome prepamutated; Gst-N5rpn10) or deletion of the UIM domain Table  teins inhibit degradation even when present in only modest stoichiometric excess over the 26S proteasome. S2). Likewise, immunoblotting experiments revealed that Rpn10 was present in rad23⌬ proteasomes at oneOur results caused us to wonder why Rad23 present in rpn10⌬ proteasomes and Rpn10 present in rad23⌬ third to one-half the levels observed in wild-type 26S proteasomes (Supplemental Figure S3) . Significantly, proteasomes did not provide sufficient activity to sustain normal rates of UbMbpSic1 turnover. Do these proaddition of just 30 nM Rpn10 rescued the defective DUB activity of rad23⌬ 26S proteasomes ( Figure 2C) Figure 2D, lanes 11 and 14) . It could be that Dsk2 is less potent than Rad23 because it has only one UBA domain, and Rad23 has two. Indeed, Dsk2 bound less UbMbpSic1 than Rad23 (Supplemental Figure S2D ) and and Supplemental S2C) suggested that the redundant endowed them with enhanced substrate binding activity function provided by these elements is to target UbSic1 (Figure 4) . to the proteasome for degradation. To address this hypothesis, the substrate binding capacities of wild-type and rpn10⌬ 26S proteasomes were investigated by incuRpn10 VWA Domain Facilitates the DegradationPromoting Activity of Rad23 bating UbMbpSic1 (in the presence of inhibitors of deubiquitination and degradation) with 26S proteasomes Surprisingly, although the VWA domain of Rpn10 was required for optimal proteolysis-promoting activity of immobilized on anti-Flag-beads ( Figure 4A ). Wild-type 26S proteasomes bound UbMbpSic1 whereas rpn10⌬ Rad23 ( Figure 2D) , it was not required for Rad23-dependent tethering of UbMbpSic1 to the proteasome ( Figure  26S proteasomes displayed little or no binding activity. Table  S1 ) or untagged PRE1 (UT) were bound to anti-Flag M2 resin in the presence of ATP and washed with buffer containing ATP as described for 26S purification (Experimental Procedures). Resin-immobilized 26S proteasomes were then incubated with 1 mM phenanthroline, 2.5 uM Ub aldehyde, 100 uM MG132, 1 mM ATP, and 5 mM MgCl 2 in the absence or presence of the various Gst-fusion proteins on ice for 60 min. UbMbpSic1 was then added, and, after 90 min incubation at 4ЊC, the bound fraction was washed and analyzed by SDS-PAGE and immunoblotting for Sic1. In (A), 5% of input and 25% of the bound fractions were loaded. Supplemental Table S1 ) expressing a GAL1-driven, epitope-tagged (HaHis6) allele of SIC1 in addition to endogenous untagged SIC1 were arrested with ␣ factor and released synchronously into the cell cycle at 25ЊC (except rpn10⌬rad23⌬, which were released at 30ЊC because they grew poorly at 25ЊC). Extracts were prepared at the indicated time points and analyzed by SDS-PAGE followed by immunoblotting with anti-Sic1 serum that detects both the endogenous and the epitope-tagged versions of Sic1. (G) Wild-type, rpn10VWA rad23⌬, and rpn10⌬ rad23⌬ cells collected at the indicated time points were evaluated for cell cycle distribution by flow cytometry.
4). Thus, binding is not a reliable
duced rate of entry into S phase, as shown for the rpn10⌬ the GAL1 promoter was rapidly degraded in G1 phase cells and unlike Sic1 was not stabilized in rpn10⌬, rad23⌬ mutant (Figure 5 ), which remained in G1 phase 75 min after release from ␣ factor. Degradation of Sic1 rad23⌬, or rpn10⌬rad23⌬ mutants. This prompted us to look at its turnover in additional MCBP mutants. As is essential for entry into S phase (Verma et al., 1997) .
Delayed entry into S phase and residual turnover of Sic1
shown by the data in Figure 6A , mutations in the genes encoding the UBA domain-containing putative targeting in rpn10⌬ rad23⌬ cells indicate that there must exist a third receptor pathway (possibly Dsk2, Figure 2D (Fu et al., 1998) , the slow growth phenotypes of the double mutant were linked to the absence al., 1997) and the SCF Grr1 substrate Gic2 (Jaquenoud et al., 1998). Far1 is a G1 cyclin-Cdk inhibitor, and Gic2 is of the VWA domain of RPN10 (Supplemental Figure S4) . an effector of the Cdc42 cell polarity regulator. In both cases, turnover of the endogenous protein was examSpecificity in the Requirement for Different MCBPs for In Vivo Turnover of UPS Substrates ined during G1 phase, when Far1 and Gic2 are normally degraded (Jaquenoud et al., 1998) (also see http:// To address the generality of our observations, we next tested whether the relative contributions of Rad23 and www.yeastgenome.org/). In contrast to Sic1, Far1 degradation was impeded more in rad23⌬ than in rpn10⌬ Rpn10 to Sic1 degradation would hold true for another physiological substrate of the UPS-the G1 cyclin Cln2 mutants ( Figure 6B) . Meanwhile, Gic2 mimicked Sic1 and not Cln2 in that it was strongly stabilized in rpn10⌬ (Deshaies et al., 1995) . HA-tagged Cln2 expressed from ined in this study (including Far1, Sic1, Gic2, Cln2, CPY*, the proteasome and degraded in a manner that depends strongly on the receptor and/or facilitator (FA) functions and Clb2) exhibited an equivalently broad dependence on multiple putative receptor pathways. Thus, although of the proteasome subunit Rpn10, whereas others, such as Far1, show a weaker dependence on Rpn10 and a synthetic substrates have proved very useful for defining components of the UPS system, we caution that their correspondingly stronger dependence on Rad23. Yet other substrates such as CPY* and Deg1-Gfp appear to byturnover may not be reflective of typical physiologic mechanisms, and, thus, general conclusions about the pass Rpn10 entirely but depend on a complex containing Ufd1 and Cdc48. (It has been reported that Far1 mechanism/specificity of the UPS should be rooted in the study of physiological substrates. degradation also depends upon Cdc48 using a novel G1-specific td allele [Fu et al., 2003 ], but we have not observed a defect in Far1 turnover in cdc48-3 or ufd1-1 One Universal Targeting Signal with Multiple Receptors mutants; data not shown). Finally, at least one substrate, Cln2, does not depend upon any known receptor pathIt is commonly thought that specificity in substrate turnover by the UPS lies at the level of ubiquitin chain assemway. However, our data on Sic1 underscore that it is important to distinguish "dependency" from "involvebly controlled by E2, E3, and isopeptidase enzymes. Our findings, however, lead to the unexpected conclument." Rad23 can be involved in Sic1 turnover (as evidenced by the fact that Sic1 was unstable in rpn10 VWA sion that proteasome-targeting pathways downstream of the ubiquitin ligases exhibit a surprising degree of but was stabilized in rpn10 VWA rad23⌬), even though Sic1 turnover does not normally depend upon Rad23 (as evisubstrate specificity. A scheme that graphically summarizes our key proposals is depicted in Figure 7 and positions them for subsequent unfolding, deubiquitination, and translocation. This latter possibility calls
